The DNA sequence downstream of the Pseudomonas putida rpoN gene and the adjacent ORF102 was determined. This region encodes an ORF (ORF154) whose gene product was found to be homologous to a family of phosphotransferases. Insertional mutagenesis and analysis of mRNA transcripts showed that the rpoN gene is transcribed separately from the two downstream genes. The rpoN promoter was localized to an 86 nucleotide-long region upstream of the rpoN gene by examination of the expression of a series of rpoN:: lacZ fusions. The expression of rpoN in P. putida was independent of the nitrogen status of the cell but was 5 times higher in the rpoN mutant than in the wild-type strain, suggesting that the expression of the rpoN gene in this organism is autoregulated.
Introduction
Microorganisms are able to adapt to a wide variety of environmental conditions. One of the mechanisms by which this adaptation is achieved relies on the modulation of gene expression in response to environmental signals. While the majority of the 'house-keeping genes' are tran-scribed by RNA polymerase holoenzyme (E0-70) containing the major 0-factor RpoD, expression of genes involved in the adaptation to environmental stimuli is often controlled by one of several alternative or factors. The RpoN o-factor (NtrA, o -s4) has been shown to be required for the expression of genes involved in various physiological functions [1] . Promoters recognized by 0 -54 always contain conserved GG and GC residues located 24 and 12 base pairs (bp), respectively, upstream of the transcriptional start point. Initiation of transcription requires an activator protein which binds to sites that can be located several hundred bp upstream of the rpoN recognition sequence. The expression of the structural gene for RpoN, has been investigated in several bacteria. Studies in Klebsiella pneumo-niae [2] and Escherichia coli [3] have shown that the level of rpoN expression is low and not influenced by the nitrogen status of the cells. In
Rhodobacter eapsulatus, however, expression of rpoN is controlled by molecular oxygen and by ammonia [4] . In B. japonicum where two copies of the rpoN gene have been identified, transcription of rpoN 1 was increased in microaerobiosis whereas rpoN 2 transcription was negatively autoregulated [5] . In order to understand the global regulation of bacterial metabolism mediated by different RNA polymerase species, it is essential to understand the mechanisms by which bacteria control the synthesis of each individual or factor. In this study, we analyzed the operon structure and the expression of the rpoN gene of P. putida.
Materials and Methods

Bacterial strains and plasmids
The bacterial strains and plasmids used in this study are listed in Table 1 .
Media and chemicals
Luria broth [6] and antibiotic medium 3 (AM3) were used for complete media. Minimal media Table 1 Bacterial strains and plasmids were based on M9 salts [6] supplemented with trace elements [7] and 0.2% (w/v) glucose. If necessary, ammonium chloride in the glucose minimal medium was replaced by proline at a final concentration of 5 mM. Growth of P. putida with proline as a sole source of nitrogen derepressed the synthesis of glutamine synthetase and urease (T. K6hler, unpublished observation). When required, antibiotics were added as described previously [8] .
DNA and RNA manipulations
For the construction of pGTK1, a 0. Mobilisable plasmids were transferred from E. coli to P. putida by conjugation as described previously [8] using E. coli strain S17-1 as a donor [9] .
Extraction of total RNA from exponentially grown cells and Northern hybridizations were performed as described by Ausubel et al. [10] . DNA probes for hybridizations were labelled with [c~-32p]dCTP using a random primed labelling kit. Single stranded dideoxy sequencing was carried out using [a-35S]dATP as labelled nucleotide. Sequencing data were analyzed using the PC/ GENE and BLAZE computer programs (Intelligenetics).
Synthesis of plasmid-encoded proteins was analyzed in minicells as described previously [8] .
Enzyme assays
/3-Galactosidase assays were carried out as described by Miller [11] . Experiments were repeated at least three times. The figures show the results of one representative experiment.
Results
Genetic organization of the 1". putida rpoN locus
We determined the DNA sequence downstream of the rpoN gene and the adjacent ORF102 (nt 2081-2636) (Fig. 1A) . In this region we identified an ORF (nt 2052-2513) encoding a protein of 154 amino acids. Combined with the previously reported DNA sequence data (nt 1-2080) [12] , the rpoN region of P. putida contains three genes in the following order: rpoN, ORF102 and ORF154. The predicted sizes of the translation products of ORF102 and ORF154 are in agreement with the sizes of two gene products of 12 and 17 kDa which have previously been identified in minicells [8] . The translation product of ORF154 from P. putida exhibits 46% amino acid identity with the product of an equivalent ORF (ORF162) in K. pneumoniae [13] . A search for 179 proteins similar to ORF154 within the continously updated SWISS-PROT data base (last update, August 1993) detected several proteins which belong to the family of bacterial sugar phosphotransferases (PTS). The gene product of ORF154 was homologous to the cytoplasmic domain of the mannitol specific E. coli enzyme II (EII Mtl) of the PTS. Figure 1B shows the protein sequence alignment between ORF154 and three phosphotransferase proteins which gave the highest score in the data base search (> 5 standard deviations above mean score). Among a stretch of amino acids (51-68 in ORF154) which showed a high percentage of sequence identity, a histidine was conserved in all four proteins. This histidine residue, which is also conserved in ORF162 of K. pneumoniae, has been shown to be phosphorylated in EII Mtt by the histidine containing phosphocarrier protein (Hpr).
Operon structure of the P. putida rpoN region
In order to determine whether rpoN and the two downstream ORFs are co-transcribed, the omega element [14] carrying both transcriptional and translational stop signals was inserted into the EcoRV site of plasmid pNTR1 inside the rpoN gene, or into the HindlII site inside ORF102. The resulting plasmids were called pGTK101 (insertion in rpoN) and pGTK102 (insertion in ORF102), respectively. Analysis of plasmid encoded proteins in minicells showed that insertion of the omega element into the rpoN gene abolished the synthesis of the RpoN protein, but did not affect the synthesis of the 12-and 17-kDa polypeptides encoded by ORF102 and ORF154, respectively. In contrast, the insertion into ORF102 prevented the synthesis of the 12-and 17-kDa polypeptides, but did not affect synthesis of RpoN (Fig. 2) . This observation indicated that ORF102 and ORF154 were transcribed together, but independently from rpoN. This proposal was further confirmed by Northern hybridization analysis of P. putida mRNA using probes containing either the 5' region of rpoN (probe 1, nt 125-1345) or the region encompassing the 3' end of rpoN, ORF102 and the 5' end of ORF154 (probe 2, nt 462-2205). Probe 2 hybridized strongly to a 0.9-kb RNA transcript pre- 
Regulation of the rpoN gene in P. putida
In order to localize the promoter region of the rpoN gene, pMLB1034-based rpoN :: lacZ fusions were constructed as described in Materials and Methods (see Fig. 3A) . Examination of the LacZ activities in P. putida cells harboring plasmids pGST1 to pGST5 showed that the LacZ activity decreased two-fold when the DNA sequence between the ScaI and RsaI sites was deleted (pGST3), and was further diminished when the RsaI-Sau3A fragment was removed (pGST4). Interestingly, the LacZ activities expressed from plasmids pGST1 to pGST3 were 4 to 5 times higher in the rpoN mutant than in the wild-type strain (Fig. 3A) . These results suggested that the sequence essential for the rpoN promoter activity was located between the ScaI and Sau3A sites, and that the RpoN 0-factor negatively regulated its own expression. To further study this proposal, plasmid pGTK53, harboring the intact P.
putida rpoN gene on the broad-host-range vector pKT231 was constructed, and introduced into P.
putida wild-type and rpoN mutant strains containing plasmid pGST2. In the absence of additional copies of RpoN, the LacZ activities expressed from pGST2 were 4 to 5 times higher in the rpoN mutant than in the wild-type strain (Fig.  3B) . When pGTK53 was present in trans, the LacZ activity in the wild-type strain decreased two-fold, whereas that in the rpoN mutant decreased ten-fold (Fig. 3B) . Plasmid pGTK52, which carries the ORF102 and ORF154 genes but not the complete rpoN gene, was also constructed and introduced in the P. putida wild-type and rpoN mutant strains harboring pGST2. The presence of pGTK52 in trans did not affect the expression of the rpoN::lacZ fusion in either strain (data not shown). These observations suggested that RpoN, but not the products of ORF102 and ORF154, was responsible for the repression of the rpoN gene. The expression of rpoN under nitrogen-limiting (minimal medium containing 5 mM proline) and nitrogen-excess (minimal medium containing 18 mM ammonium chloride) conditions was examined in the P. putida wild-type and rpoN mutant strains. No significant effect of the medium composition on the LacZ activity was observed (data not shown). As with cells grown in rich medium (LB), the expression of rpoN in minimal medium was five times higher in the rpoN mutant than in the wild-type strain.
This ratio was independent of the nitrogen sources used.
Discussion
In this study, the promoter of the rpoN gene of P. putida was located within an 86 bp ScaISau3A fragment, situated 74 bp upstream of the rpoN start codon. This fragment contains one of the potential -35/-10 regions proposed by Inouye et al. [15] . Three nt downstream of this -10 region we identified the sequence AGGCAT-AAAACTI'GC, which perfectly matches the consensus sequence recognized by 0-54 (TGGYAY-NNNNNTFGC). In our model for the observed negative autoregulation of the rpoN gene of P. putida, we propose that 0 -54 alone or as a complex with RNA polymerase core enzyme (E0-54) binds to the RpoN consensus sequence immediately downstream of the -10 region and prevents the transcription of the rpoN gene, which is catalyzed by another RNA polymerase (probably E0-7°). This model is compatible with the notion that E0-54 alone is unable to form open complexes with target promoters but requires the presence of an activator protein. Kullik et al. [5] reported an autoregulation mechanism for the expression of rpoN 2 in B. japonicum. The five-fold 182 increase in rpoN 2 expression between the rpoN 2 mutant and the wild-type is similar to our reported five-to six-fold difference in rpoN expression between rpoN and wild-type strains of P. putida (Fig. 3A) influenced by the mutation in ORF95 and ORF162 [13] . Our observation that the presence of plasmid-borne copies of the ORF102-ORF154 genes did not reduce the expression of rpoN:: lacZ fusions, suggests that the products of ORF102 and ORF154 are not repressors of rpoN expression but may act as modulators of RpoN activity as proposed by Merrick and Coppard [13] . Our finding that ORF154 shows significant homology to a domain conserved in several phosphotransferase proteins and comprising a histidine phosphorylation site, allows to speculate how the ORFs may modulate RpoN activity. It is conceivable that ORF154 is phosphorylated in response to a particular physiological condition. The modified ORF154 could then either transfer the phosphoryl group to RpoN or affect a possible interaction between ORF154 and RpoN, resulting in a biased recognition of RpoN promoter sequences as observed in the ORF95/ORF162 mutants in /~ pneumoniae [13] .
